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Background: Local anesthetics are used to relieve pre- and postoperative pain, acting on both sodium channels
and nicotinic acetylcholine receptors (nAChR) at the neuromuscular junction (NMJ). Bupivacaine acts as a
non-competitive antagonist and has limitations, such as myotoxicity, neurotoxicity, and inflammation. Low-
level laser therapy (LLLT) has anti-inflammatory, regenerative, and analgesic effects. The aim of the present
study was to evaluate the effects of a gallium arsenide laser (GaAs) on the morphology of the NMJ and nAChRs
after application of bupivacaine in the sternomastoid muscle.
Methods: Thirty-two adult male Wistar rats received injections of bupivacaine 0.5% (Bupi: right antimere) and
0.9% sodium chloride (Cl: left antimere). Next, the animals were divided into a Control group (C) and a Laser
group (LLLT). The laser group received LLLT (GaAs 904nm, 50mW, 4,8J) in both antimeres for five consecutive
days. After seven days, the animals were euthanized and the surface portion of the sternomastoidmusclewas re-
moved, frozen, and subjected tomorphological andmorphometric analyses of the NMJs (nonspecific esterase re-
action), confocal laser scanning, and anultrastructural analysis. The nAChRswere quantified byWestern blotting.
Results: In the chloride group, themorphology andmorphometry of theNMJs remained stable. Themaximumdi-
ameters of the NMJs were lower in the Bupi (15.048 ± 1.985) and LLLT/Bupi subgroups (15.456 ± 1.983) com-
pared to the Cl (18.502 ± 2.058) and LLLT/Cl subgroups (19.356 ± 2.522) (p b 0.05). Ultrastructurally, LLLT
reduced myonecrosis observed after application of bupivacaine, with recovery in the junctional folds and active
zone. Therewas an increase in the perimeter of the LLLT/Bupi subgroup (150.33) compared to the Bupi subgroup
(74.69) (p b 0.01) observed by confocal microscopy. There was also an increase in the relative planar area of the
NMJ after LBI (8.75) compared to CBupi (4.80) (p b 0.01). An analysis of the protein expression of nAChRα1
showed nomajor differences in the groups studied. There was an increase in protein expression of the ε subunit
after application of LLLT (13.055) compared to Bupi (0.251) (p b 0.01). Taken together, the present experiments
indicate that there was a positive association of the α and γ subunits (p b 0.05).
Conclusions: These results demonstrate that LLLT at the dose used in this study reduced structural alterations in
the NMJ and molecular changes in nAChRs triggered by bupivacaine, providing important data supporting the
use of LLLT in therapeutic protocols for injuries triggered by local anesthetics.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Local anesthetics are chemical agents that act by reversibly blocking
peripheral nerve conduction [1–3].

These substances arewidely used duringmedical and dental surgical
procedures with the aim of achieving a safer and more comfortable
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procedure for patients [4–10], aswell as the relief of postoperative pain.
They are also used to treat chronic pain [11–16].

The structural and physicochemical characteristics of local anes-
thetics can be determining factors for their different effects [17]. These
drugs act on both the voltage-dependent sodium channels (in axons)
and nAChRs (acetylcholine receptors) of theNMJ [18–20]. Themuscular
acetylcholine receptor (AChR) is a heteropentamer composed of four
polypeptide chains containing two alpha (α1), one beta (β), one
delta (δ) and one gamma subunit (γ). The latter subunit, present in
embryonic or denervated fibers, is replaced in adult muscle fibers
and innervated by the epsilon subunit (ε). These five subunits are or-
ganized around a central ion-conducting pore that is permeable to
cations [21].

NAChRs play a key role in the peripheral nervous system, are con-
centrated in the apex of the junctional folds of the postsynaptic mem-
brane of the neuromuscular junction (NMJ) [22], and have been the
target of interest for the development of newdrugs, for example, for dis-
orders of the peripheral nervous system [23–26]. There are numerous
pharmacological substances that selectively alter the conformation of
nAChRs [21]. Bupivacaine is a chemical substance that acts as a noncom-
petitive antagonist that can block the opening of the ion channel or an
allosteric site of the nAChRs of theNMJ, inhibiting it, thus blockingmus-
cle contraction [19]. This anesthetic is associated with adverse reactions
leading to a rapid necrosis of muscle fibers [27–28], as well as alter-
ations in the morphological and structural characteristics of the NMJs
[28–29].

One of the principle obstacles to the development of new drugs
is the presence of side effects. In this context, Low-level Laser Ther-
apy (LLLT) has been shown to be a non-invasive clinical procedure
that is easy to apply, low cost, lacks mutagenic effects, and risk-free
[30–32]. In addition, it has anti-inflammatory, regenerative, and
analgesic actions [33–36]. The electrophysiological effects of an
LLLT 830 nm laser diode were examined on neuromuscular synap-
tic transmission and a reduction in ACh release at the physiological
level was found [37]. This modulation of synaptic transmission may
be related to the muscle relaxant effect of this type of laser. The
therapeutic potential of LLLT was described in preventing an in-
crease in nAChRs resulting from muscle atrophy after denervation
[38].

Bupivacaine is highly lipophilic, and its neuro- and myotoxic
effects are directly related to the uncoupling of oxidative phosphor-
ylation, with inhibition of ATP synthesis of the mitochondrial respi-
ratory chain [39]. However, there is evidence that LLLT increases
the synthesis of ATP [39–40], with cytochrome c oxidase being a
photo target [41–42]. LLLT also leads to a reciprocal increase in oxy-
gen consumption [40].

Considering that bupivacaine is an anesthetic that is used on a large
scale and that its action directly involves the components ofmuscle syn-
apses, the purpose of this study was to investigate the possibility that
LLLT might preserve or protect the morphology of the NMJ and nAChRs
following exposure to bupivacaine.
2. Methodology

2.1. Animals

This study was approved by the Ethics Committee on Animal. Use of
the Institute of Biosciences, UNESP, Botucatu (protocol no. 509-CEUA/
IBB).

Thirty-two adult male Wistar rats, with an average weight of 300 g,
were obtained from the Central Animal Laboratory of Unesp in
Botucatu. The animals were maintained in individual cages in a con-
trolled environment, with feed and water provided ad libitum, and the
room temperature maintained at 24 ± 2 °C, with a 12 h:12 h
photoperiod.
2.2. Experimental Protocol and Treatment Parameters

Initially, the animals were intraperitoneally (i.p.) anesthetized with
ketamine/xylazine (90 mg/kg and 10mg/kg). After trichotomy, a medi-
an incision was made on the ventral surface of the neck and the
sternomastoid muscles were exposed. Subfascial injections of 0.5%
bupivacaine and 0.9% sodium chloride were applied to the middle [43]
and distal thirds of muscles pertaining to the right and left antimeres, re-
spectively. This protocol followed the method used for induction of de-
generation-regeneration of muscle fibers by local anesthetics [23,44–46].

Next, the skin was sutured with black Nylon no. 3.0 (Brasutura®).
The animals were kept under heaters until they recovered; then, they
received a single 100 μl dose of sodium dipyrone solution.

Twenty-four hours after treatment, the animals were randomly di-
vided into two groups, a Control group: right antimere (Bupi) and left
antimere (Cl), and a Laser group: right antimere (LLLT/Bupi) and left
antimere (LLLT/Cl).

A previously calibrated laser diode composed of gallium arsenide
(GaAs) with a pulsed emission at904 nm (50 mW)was applied directly
to the skin (direct contact) with a beam emission area of 0.035 cm2,
corresponding to the areas of injections, in both antimeres, for five
consecutive days. The pen was held at an angle 90° to the irradiated
surface to prevent leakage of the emitted light. The applications
lasted 48 s, with an energy of 2.4 J per point, providing a total final
energy of 4.8 J. Twenty-four hours after the final laser application
(day 7), the animals were euthanized by i.p. injection of excess anes-
thetic (ketamine/xylazine).

2.2.1. Morphological and Morphometric Analysis of the Neuromuscular
Junction (NMJ) Based on the Nonspecific Esterase Technique

After euthanasia of the animals, the surface portions of the
sternomastoid muscles were trimmed to the middle third (containing
the motor point), which was cut length wise into three or four slices.
The resulting material was subjected to the nonspecific esterase reac-
tion [47] to characterize the NMJ.

2.2.1.1. Morphometric Analysis.Maximumdiametermeasurements were
performed on 50 junctions from a total of five animals from each exper-
imental group (Control and Laser). The measures were analyzed with
the help of Image J software (http://rsbweb.nih.gov/ij/).

2.2.2. Morphological Analysis of the NMJ by Transmission Electron Micros-
copy (TEM) and Morphology and Morphometry Analyses by Confocal
Microscopy

After anesthesia and trichotomy, the skin in the pectoral region was
dissected and the sternal plastronwas folded down. The thoracic viscera
were exposed, and perfusion was performed via the left ventricle. First,
the animals were perfused with PBS, followed by fixation with 2.0%
paraformaldehyde in 0.1M sodiumphosphate buffer, pH 7.4. The caudal
vena cavawas sectioned near the right atrium to drain blood and excess
liquid from the perfusion.

2.2.2.1. Transmission Electron Microscopy (TEM). The muscular portion
containing the motor point was reduced into fragments, which were
then immersed in Karnovsky fixative solution and subjected to the rou-
tine technique for TEM. The tissues were sliced so that longitudinal sec-
tions of muscles were obtained to allow identification of the NMJ.
Ultrafine slices were obtained and examined, and the findings were
documented using a Philips transmission electron microscope (model
CM100 FEI).

2.2.2.2. Confocal Microscopy. The muscles were reduced in the region
containing the motor point, fixed with 2% paraformaldehyde and sub-
jected to a protocol to mark acetylcholine receptors and nerve termi-
nals. The fragments were kept in fixative for 15 min and then washed
with PBS three times for 5 min each to inactivate the fixative. Next,
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they were incubated with 0.1 M glycine for 30 min on an orbital shaker
and subsequently washed with PBS and incubated with 1% collagenase
(Sigma Type I C-0130) for 30 min on the shaker to assist with connec-
tive tissue removal. Following this, they were washed with PBS, and
the nAChRs were labeled with α-bungarotoxin conjugated to rhoda-
mine (Rh-BTX, Molecular Probes T1175, 1:1000 in PBS) for 40 min on
the shaker. Then, the muscles were washed with PBS four times (for
5 min per wash) and incubated with 1% Triton X-100 (Sigma T9284)
for 1 h to permeabilize the muscle fibers. Subsequently, the samples
were left overnight in blocking solution (60 μl of Triton X-100, 0.3 g of
3% bovine serum albumin, 0.2 g 2% skimmedmilk powder, 3.75mg gly-
cine (1%), 800 μl 8% fetal bovine serum, diluted in 10 ml PBS) on the
shaker to block or decrease nonspecific binding of the primary antibody.
After this period, the fragments were incubated with the primary anti-
neurofilament antibody (Ab) (Anti-neurofilament 200, Sigma N-5389,
1 μl:1 ml in blocking solution) at 4 °C for 12 h. On the following day,
they were washed with PBS (changed every 20 min for 1 h and
30 min) and incubated with secondary anti-mouse-IgG-FITC (Sigma®
F-0257, 1 μl:1 ml in blocking solution) for 3 h at 4 °C on the shaker.
Then, the samples were washed again in PBS for 1 h and mounted on
slides under a cover slip in Vectashield®mountingmedium for fluores-
cence staining with DAPI (Vector Laboratories).

The images were acquired using a Laser Scanning Confocal Micro-
scope (Leica TCS model - SP5) belonging to the Electron Microscopy
Center of IBB/UNESP/Botucatu and were analyzed using Image J soft-
ware (http://rsbweb.nih.gov/ij/).
Fig. 1. A - Light microscopy findings following the nonspecific esterase reaction (Full p
zone; (▶) presynaptic membrane; (*) synaptic cleft; (▷) postsynaptic membrane; (➩) junc
nucleus C - The maximum diameter (μm) of the NMJs of the subgroups studied. The signifi
factors, together with the multiple comparison Tukey test, considering a 5% level of significanc
Morphological analysis was performed on the nerve terminals and
acetylcholine receptors, and morphometric analysis was performed on
approximately 30 axon terminals from five animals from each experi-
mental subgroup. Measurements were taken of the area, perimeter,
largest orthogonal axis of each nAChR and relative planar area (area of
the nAChR/largest orthogonal axis of each nAChR) [48].

2.2.3. Western Blotting
After euthanasia, samples from themiddle third of themuscles were

frozen and then homogenized in tissue homogenizer (IKA UltraTurrax/
T-25) with 0.5 ml of lysis buffer (1% Triton X-100, 10 mM sodium pyro-
phosphate, 100 mM sodium fluoride, aprotinin, 10 μg/ml,1 mM
PMSF,0.25 mM sodium orthovanadate (Na3VO4),150 mM NaCl and
50 mM Tris-HCl at pH 7.5). The samples were centrifuged at
11,000 rpm for 20 min, and the supernatant was collected. One 100-μl
aliquot of the homogenate was treated with 100 μl of Laemmli sample
buffer (2% SDS, 20% glycerol, 0.04 mg/ml bromophenol blue, 0.12 M
Tris-HCl at pH 6.8 and 0.28 M β-mercaptoethanol). The samples were
then incubated at 97 °C for 5 min and stored in a freezer at −20 °C
until use.

One aliquot of the pure extract of each sample (not treated with
Laemmli)was used to quantify the total protein by the Bradfordmethod
[49]. Exact quantities of the total protein in each sample (70 μg) were
subjected to electrophoresis in 4–15% polyacrylamide gels (SDS-
PAGE) and then transferred to nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA) in a humidified system. The proteins
reparation) B - Electromicrography of the NMJs of the various groups: (→) active
tional folds; (⇪) apex of a junctional fold; (M) mitochondria (vs) synaptic vesicles, (N)
cance of differences was determined using analysis of variance for the model with two
e, (*) p b 0.05 [50].
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transferred to membranes were blocked with 5% skimmedmilk diluted
in TBS-Tween for 1 h at room temperature and incubatedwith different
primary antibodies (AChRα1 (Santa Cruz Biotechnology - sc-136,130)
1:100; AChRγ (Santa Cruz Biotechnology - sc-13,998) 1:150; AChRε
(Santa Cruz Biotechnology- sc-13,999) 1:150; GAPDH (Cell Signaling -
14C10)1:1000, overnight at 4 °C. After incubationwith primary antibod-
ies, the membranes were washed in TBS-Tween and incubated with
specific secondary antibodies (anti-rabbit (Cell Signaling - 7074 s)
1:5000 or anti-mouse (Santa Cruz Biotechnology - sc-2005) 1:2000)
for 1 h at room temperature. The membranes were washed again, and
the ECL™ Selected Western Blotting Detection Reagent (GE Healthcare,
Uppsala, Sweden) was used. After image capture in a transilluminator
G-Box, densitometric quantification of the bands was performed using
Image J software (version 1.71, 2006, Austria). The protein expression
values were normalized to the values obtained for the GAPDH protein,
which were used as a reference.

3. Results

3.1. Neuromuscular Junction: Morphology and Morphometry

The nonspecific esterase technique allowed for visualization of the
distribution of NMJs in the surface portion of the sternomastoidmuscle.
NMJs are characterized by a wide and highly branched synaptic gutter,
with transverse striations corresponding to junctional folds (Fig. 1Ac).
Some forms have fewer branches and small terminal projections. In
this analysis, there were clear differences in the size and appearance
of the NMJs in the Cl subgroup (Fig. 1Ac) compared to those in the
Bupi subgroup (Fig. 1Aa). The Cl and LLLT/Cl subgroups presented great-
er complexity of the sitesmarked by the nonspecific esterase technique.

Morphometrically, there were no significant differences in the NMJs
between the Bupi and LLLT/Bupi subgroups or between the Cl and LLLT/
Cl subgroups. However, the maximum diameters were smaller in the
Bupi (15.048±1.985) and LLLT/Bupi subgroups (15.456± 1.983) com-
pared to the Cl (18.502 ± 2.058) and LLLT/Cl subgroups (19.356 ±
2.522) (p b 0.05) (Fig. 1C).

The ultrastructure of the neuromuscular junctions in the CI subgroup
presented standardmorphological characteristics, with several synaptic
buttons, and were arranged in synaptic gutters with varied shapes and
depths. Synaptic vesicles, mitochondria, and multivesicular bodies
were present in the synaptic buttons. Characteristically, the presynaptic
membrane presented more electron-dense regions corresponding to
active zones, counter posed to the apex of the junctional folds of the
postsynaptic membrane. The postsynaptic membrane was intact and
contained numerous and long junctional folds, containing a more elec-
tron-dense apex corresponding to the local concentration of the acetyl-
choline receptors. These morphological patterns were also observed in
the LLLT/Cl subgroup (Fig. 1B).

In the Bupi subgroup, the synaptic vesicles and other organelles
present in the synaptic buttons exhibited different stages of degenera-
tion, and it was not possible to identify the region of the active zones.
Junctional folds were not evident in the postsynaptic membrane, and
the electron density was observed along the entire length of the post-
synaptic membrane. In the LLLT/Bupi subgroup, although signs of de-
generation of the organelles of the synaptic buttons were still
observed, junctional folds were present with electron dense areas
along them, primarily at the apex.

The synaptic clefts in the groups studied presented no morphologi-
cal changes and displayed a basal lamina with normal characteristics
in the interior (Fig. 1B).

3.2. Confocal Microscopy

In the CI subgroup, the acetylcholine receptors and nerve terminals
showed a normal distribution, where the responses of the fluorophores
were homogeneous and the nAChRs had auto fluorescence.
The analysis revealed a large number of nuclei (blue) present in the
laser group (Fig. 2A b and d) compared to the control group (Fig. 2A a
and c). With regard to the nerve terminals (green), no alterations
were observed among the groups, and the nerve terminal were intact,
preserved, and seamless in all subgroups.

In relation to the acetylcholine receptors (red), the chromogen dis-
persion was clear in the Bupi subgroup, demonstrating discontinuous
marking. In the LLLT/Bupi subgroup, there was less dispersion of chro-
mogen, and in the LLLT/Cl subgroup, there was greater complexity,
with nAChR staining.

In the CI subgroup, the NMJs were characterized by the presence of
continuous arms that ran in various directions along the muscle fibers.
After application of laser therapy, the presence of larger and longer
branches was observed in the LLLT/Cl subgroup.

Regarding themorphometry performed in the area of the nAChRs of
the motor plate, the area in the Cl (759.43) and LLLT/Cl subgroups
(803.70) was higher than that of the Bupi (76.30) and LLLT/Bupi sub-
groups (186.30) (p b 0.01) (Fig. 2B). This physiological response was
also observed in the morphology of the perimeter. However, the LLLT/
Bupi subgroup (150.33) had significantly higher values compared to
the Bupi subgroup (74.69) (p b 0.01). The relative planar area of the
NMJ was significantly higher in the LLLT/Bupi subgroup (8.75) com-
pared to the CBupi subgroup (4.80) (p b 0.01) (Fig. 2B).

The percentage of nerve terminals present in the experimental
groups was not evaluated.

3.3. Western Blotting

The analysis of nAChRα1protein expression showed that the values
were not significantly different between the control and laser groups,
maintaining similar values in all experimental subgroups (Fig. 2E).
There was a decrease in the protein expression of nAChRγ in the LLLT/
Cl subgroup compared to the CI subgroup (p b 0.05) (Fig. 2D). There
was no increase in the protein expression of nAChRε in the LBI/Bupi
subgroup compared to the Bupi subgroup (p b 0.01). However, in the
LLLT/CI subgroup, the values were lower compared to those in the
LLLT/Bupi subgroup (p b 0.01) (Fig. 2C).

When all of the experimental groups were considered together
(control and laser) for all nAChR subunits, there was a positive associa-
tion of subunits α and γ (p b 0.05). It was not possible to demonstrate
significance when the groups were considered separately; however, it
is clear that the association remained positive in the laser group (high
values in both the α and γ subunits). The control group showed a neg-
ative relationship (high values for subunit γ occurring in conjunction
with low values for subunit α and vice versa). In summary, there was
a direct relationship between subunits α and γ in the laser group, and
the reverse relationship was found for the control group (Fig. 3).

4. Discussion

The aim of this study was to investigate the effects of LLLT on the
morphology of the NMJ and nAChRs after the induction of myonecrosis
by the local anesthetic bupivacaine. The results point to a positive effect
of laser therapy on the structural recovery of theNMJs andmolecular re-
covery of nAChRs.

Based on the morphometry of the NMJs determined by the nonspe-
cific esterase technique, there was a clear decrease in the maximum di-
ameter of NMJs associated with the muscles injected with bupivacaine.
Ultrastructurally, signs of degeneration were present in the pre- and
postsynaptic regions, with characterization of the active zone and loss
of junctional folds in the Bupi subgroup. Disaggregation of nAChRs
was detected by confocal microscopy.

Significant changes in the ultrastructural architecture of the NMJs
was also observed 4 h after bupivacaine injection, with an increase in
the space of the synaptic cleft, loss of junctional folds, and discontinuity
or absence of post-junctional plasmaticmembranes [28]. Disaggregation
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of the nAChR (an “islands” pattern) was present in the regenerated fi-
bers of mdx mice [24,52].

In a study on the effects of another local anesthetic, lidocaine, the au-
thors observed the same morphology 21 days after application of the
anesthetic [23]. A similar alteration was observed in mdx mice, which
was described how a secondary consequence of the regeneration of
muscle fibers and not the absence of dystrophin [24].

This postsynaptic disaggregation in the Bupi subgroup was not
accompanied by alterations in protein expression of the γ or α1 re-
ceptors, but there was a decrease in the expression of the nAChRε
subunit. A decrease in this subunit has been associated with structur-
al destabilization of the NMJ. Severe muscle weakness and prema-
ture death were observed in experimental animals in the absence
or deficiency of nAChRε [25]. A decrease in the gene expression of
the epsilon subunit has been associated with a loss in ERK2 (extra-
cellular signal-regulated kinase), which is involved in the activation
of agrin, a key synaptogenic factor involved in the formation and
maintenance of the NMJ [53]. Furthermore, the area, perimeter, and
relative planer area determined by confocal microscopy were small-
er in the Bupi subgroup. These data are consistent with the degener-
ative effects of the local anesthetic on NMJs.

Regarding the nerve terminals (green chromogen), no significant al-
terations were evident in relation to the experimental group, with all
groups showing whole and preserved nerve terminals, without signs
of discontinuity. Although confocal microscopy was not used in their
studies, some researchers have been evaluated the nerve terminals
after the application of bupivacaine and did not observe any alterations
[27–29].

It is possible that the myonecrosis arising from bupivacaine pro-
motes sarcolemmal injury, allowing excessive entry of calcium. This
ion leads to hypercontraction of myofibrils [27,54,55], increasing the
quantity of intracellular free radicals due to the generation of oxidative
stress, culminating in mitochondrial degeneration [39]. Considering
that proteins in the synaptic region are transmembranic, alterations in
the plasma membrane of the fiber and its sarcoplasm directly affect
the muscle synapse [21], such that alterations in the NMJs can be con-
sidered responses to the pathological process of myonecrosis [29].

After LLLT application, there was an increase in the relative planar
area of the NMJ. Considering that this measurement refers to the degree
of branching and fragmentation of the NMJ, indicating its complexity
index, it is clear that there was recovery in the NMJ after LLLT, due to
the fact that a higher relative planar area indicates lower fragmentation
of the NMJ, and vice versa [48].

There was also a clear approximation of the ultrastructural morpho-
logical aspect of theNMJ in the LLLT/CI and LBI/Bupi groups,with the ac-
tive zones showing a clear orientation of synaptic vesicles and increase
in the number of junctional folds. A loss or reduction of the number of
junctional folds is characteristic of degenerate fibers, demonstrating
that muscle regeneration leads to remodeling of pre- and postsynaptic
components [23,56].

Even in the initial stages of regeneration, the active zone is present in
specific regions of the presynaptic membrane as opposed to the junc-
tional folds. The active zone is a neurotransmitter release site and is dis-
organized during the regeneration process, facilitating exocytosis from
synaptic vesicles, releasing neurotransmitters [57].

Changes in junctional folds can lead to a loss of nAChRs and remod-
eling of the NMJ [58]. The efficiency of electrical transmission is en-
hanced by the formulation of the junctional folds and by the
expression of adult AChRs and voltage-dependent sodium channels
Fig. 2. A - Confocal microscopy findings of the surface portion of the sternomastoid muscle of
nuclei (blue) are shown. B - Morphometry of the area (A), perimeter (P), and relative plan
repeated measures model for independent groups complemented with the Bonferroni test (
AChRγ (D), AChRα1 (E). The significance of differences was determined using nonparametric
with the Dunn test [50]. (*) p b 0.05, and (**) p b 0.01.
[59]. Regeneration of the NMJ follows the steps of myogenesis, with
the process including the formation of new junctional folds [28].

In our confocal microscopy study, a lower dispersion of nAChRs (red
chromogens) was evident in the groups that received LLLT, suggesting
that there was a stabilization of nAChRs. The stabilization of nAChRs is
dependent on the calcium influx during electrical activity [60–61].

After laser therapy, there was also a significant increase in protein
expression of the ε receptor. The ε subunit is associated with a small
opening of nAChR ion channels, regulating the influx of calcium, thus
ensuring the stabilization of the initial interaction between nerve and
muscle and synaptic maturation [25,62–63]. It is an essential subunit
that is required for the maintenance of the organization and protection
of the synaptic region against adverse effects resulting from excessive
intake of calcium in adult muscle tissue [25,63].

When the subgroups are considered together, therewas a strong pos-
itive association between the α1 and γ subunits. However, the α and γ
subunits are regulated independently, and an increase in the α1 subunit
is not directly associated with alterations in the γ and ε subunits [25].

In experiments in which subunit γ was replaced by a subunit with
similar functional properties to the ε subunit, a pattern of alteredmuscle
innervation was present, suggesting that during muscle development,
nAChRγ ensures an orderly innervation pattern for skeletal muscle
[64]. The expression of fetal nAChR is crucial tomaintain the neuromus-
cular transmission in individuals with deficiencies caused by alterations
in the nAChRε subunit and is associatedwith upregulation of themRNA
expression of the γ subunit [25].

The use of LLLT increases neovascularization [65] and the expression
of growth factors [66] and decreases oxidative stress, inflammation [67]
and myonecrosis, activating precursor cells of myogenesis (satellite
cells) [32]. Studies involving muscle regeneration of elderly rats under-
going laser therapy showed an increase in the maturation of satellite
cells into myoblasts and myotubes [68]. In the same way, the confocal
microscopy experiment in the present study revealed a large number
of nuclei (blue) in the group that received laser therapy. The marker
used for the nucleuswas not able to differentiate among cells, so the nu-
clei may have corresponded to inflammatory cells and muscle fibers or
may have even indicated an increased number of satellite cells.

Considering that the muscle regeneration capacity primarily de-
pends on the survival of satellite cells [69], it is well established that
these cells are resistant to local anesthetics [70]. In addition, following
injury, the muscles and NMJs pass through a regeneration process,
which is partly regulated by myogenic regulatory factors (MRFs) [71].
MRFs are also targets of the laser, which promotes muscle regeneration
[72], accelerating the processes of proliferation and differentiation [32,
66].

During the remodeling of denervated/regenerated fibers, type IV
collagen and non-neural agrin contribute to a new conformation of
the pre- and postsynaptic components. This new distribution follows a
pretzel or continuous arm pattern that is characteristic of the adult
NMJ (mature). Therefore, the nerve terminal influences the spatial orga-
nization of the nAChRs. Thus, it can be inferred that changes in the dis-
tribution pattern of nAChRs are part of the processes of degeneration
and regeneration of the muscle fiber [73].

It is well established that the mitochondrial electron transport chain
is photosensitive to red and infrared light, and when activated by LLLT,
there is an increase in the space between the inner and outer mem-
branes of the mitochondria, which dilates the mitochondrial crest [74].
Exposure to laser light also increases the synthesis of adenosine triphos-
phate (ATP) and O2 consumption [41].
the experimental group. The acetylcholine receptors (red), nerve terminals (green), and
ar area. The significance of differences was analyzed using an analysis of variance for
**) p b 0.01 [50]. The protein expression of nicotinic acetylcholine receptors AChRε (C),
analysis of variance for repeated measures model for independent groups complemented



Fig. 3. Dispersion data for the α and γ subunits of the nAChRs. The data were analyzed using the Spearman correlation [51].
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Cytochrome c oxidase (complex IV of the mitochondrial respiratory
chain) is a key light photoreceptor with a near-infrared spectral range.
After application of laser therapywithGaAs (904 nm), the activity levels
of complexes I, II, III and IV of the mitochondrial respiratory chain were
increased in the injured muscle [75].

Biostimulation produces primary effects during cell proliferation in
the muscle healing process. At the cellular level, low power photo-irra-
diation promotes significant biological effects, such as stimulation of
macrophages and lymphocytes and release of growth factors from
cells [76].

The presence of myopathy induced by bupivacaine used for nerve
blocks and other local anesthetic injections has been increasingly de-
scribed [43,77–78]. However, the available literature suggests that the
myotoxicity that developed after local anesthetic use is subclinical and
reversible, most likely due to the short exposure time [77–81]. Continu-
ous infusion pumps are now being used for pain, and it is still unknown
whether local anesthetics may cause more significant (i.e., irreversible)
muscle injury in these individuals due to the prolonged exposure time
[82].

5. Conclusion

Considering that LLLT in the dose used in the present study reduced
the structural alterations of the NMJ and molecular alterations of
nAChRs triggered by bupivacaine, this approach appears to represent a
therapeutic protocol that may be indicated after injuries triggered by
exposure to local anesthetics. Further studies should be conducted to
fully clarify the mechanism(s) of action.
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